INTRODUCTION
In the studies on global changes, the eco-environmental history of polar region plays an important and indispensable role. The active history of sea animals such as penguins and seals in the ice-free areas of Antarctica is closely related to the advance and retreat of ice sheet, climatic change, sea level rise and decline, and marine productivity. It also provides abundant scientific information about the influence of climatic changes on Antarctic ecological system and the ecological response Sun et al., 2006) . Abandoned penguin colonies are crucial for estimating historical penguin population and other palaeoenvironmental researches. In many coastal ice-free regions of Antarctica, the preserved organic remains in the ornithogenic soils at abandoned penguin colonies-such as penguin tissue (bone, feathers, dried skin, and eggshell) and prey remains (fish bone, otoliths, and squid beaks)-and their radiocarbon data can provide evidence plain many geochemical processes in the environment such as natural surface weathering processes, origin of some sediments, identification of anthropogenic impact, and palaeoenvironmental and palaeooceanic changes (Olmez et al., 1991; Ravichandran, 1996; Bau and Dulski, 1996; Holser, 1997; Ramesh et al., 1999; Webb and Kamber, 2000; Nozaki et al., 2000; Yang et al., 2002; Lee et al., 2004; Shumilin et al., 2005; Caccia and Millero, 2007; Tanaka et al., 2007; Piper et al., 2007) . In this paper, we report for the first time the palaeoecological REE signal in the lacustrine sediments of the maritime Antarctic influenced by sea animal excrements, and examine the potential of REE distribution patterns and abundances as geochemical proxies for historical population of Antarctic penguins on a large time scale.
STUDY AREA
The Ardley Island (62°13′ S, 58°56′ W), a 2 km long and 1.5 km wide island, is about 500 m east of Fildes Peninsula, Maxwell Bay, King George Island, and is connected to the Fildes Peninsula through a sandy dam (Fig.  1) . The Great Wall Station of China is located about 0.5 km to the west. The study area has a cold oceanic climate, characteristic of maritime Antarctica. According to the meteorological records from the Great Wall Station, the mean annual precipitation is about 630 mm, the annual average relative humidity is about 90%, and the mean annual air temperature is around -2.6°C with a winter low at -26.6°C and a summer high at 11.7°C. It is free of snow and ice during the summer. Geologically, this island mainly consists of tertiary andesitic and basaltic lavas and tuffs together with raised beach terraces. The topography of the island is relatively flat with the highest elevation of 70 m. Seventy-eighty percent of the island is covered by vegetation, predominantly mosses and lichens.
Ardley Island is one of the most important penguin colonies in the maritime Antarctic region. In 1991, this island has been declared as Antarctic Specially Protected Area by the Protocol on Environmental Protection to the Antarctic Treaty. During the breeding period of every summer, the number of penguins on this island was around 10000, and the major species were Gentoo (Pygoscelis papua, 74%), Adélie (Pygoscelis adeliae, 21%) and Chinstrap (Pygoscelis antarctica, 5%) (Trivelpiece et al., 1987) . It is estimated that the penguins on the Ardley Island discharge about 139 t droppings based on the hypothesis that each penguin excretes 84.5 g droppings (dry weight) a day during the breeding period. Droppings are transferred and deposited in the lakes or depressions by ice or snowmelt water, and these ancient penguin waste products could record historical information of penguin population change (Sun et al., 2000 .
MATERIAL AND METHODS
Fifty five samples from two sediment cores (37 for Y2 core and 18 for Y4 core) and 4 pure penguin guano samples were collected on the Ardley Island for concentration measurement of REEs. The Y2 and Y4 sediment cores, 67.5 cm and 34 cm long, were retrieved from Y2 and Y4 lakes using a 12 cm-diameter PVC pipe during the austral summer of 1997/1998 and 1999/2000, respectively (Fig. 1) . These two sediment cores were transported directly to the home laboratory without slicing, and were preserved in cold storage prior to being analyzed. In the laboratory, the sediment cores were sectioned at the intervals of 1-2 cm, and some subsamples discharges unpleasant smell, and a few ancient penguin bones, identified with reference to modern penguin bones from the Fildes Peninsula on the King George Island, are well preserved in these two cores (Liu et al., 2005a) . According to the lithological observation and bio-element measurements, the amount of guanos in the top 4 cm sediment layer of Y4 core decreased significantly, and many plant remains appeared. For the Y2 sediment sequence, the sediments between 50 and 60 cm are predominantly composed of well-sorted and rounded fine sands with a small contribution of guanos. Except for these sediment layers mentioned above, the other sediment samples in both cores are significantly influenced by penguin droppings. The lithological descriptions of these two sediment cores have been previously reported in detail (Sun et al., 2000 (Sun et al., , 2004 Liu et al., 2005a) .
For REE analysis, the subsamples were air-dried, sieved and then ground to powder (<200 mesh or 0.074 mm), and then the powdered samples of 0.1 g were digested with 2 ml HNO 3 , 1 ml HCl, 5-10 ml HF and 0.5 ml HClO 4 for 24 h in a tightly closed Teflon vessel and heated on a hotplate. The digests were evaporated to dryness at 300°C and extracted with 1 ml pure HCl and small quantity of deionized water. After dissolution, the solution was placed into a 10 ml colorimetric tube. REEs were measured by ICP-MS (Plasma Quad3, VG Elemental). Replicate measurements of samples, laboratory reagent blanks, and internal rock and sediment standards (GBW07104, GBW07604, GBW7120 and GBW07106) were used to control the analytical quality (Liu et al., 2005b (Liu et al., , 2008 . The relative standard deviation (RSD) of replicate analysis is generally less than 5%, and the analyzed values lie within the certified ones of the standard samples.
We also analyzed the concentrations of Zn, Cu, Ca, Sr, P, Se and S in the Y2 and Y4 lake sediment profiles. Zn, Cu and Ca (as CaO) were determined by atomic absorption spectrometry (AAS); Sr by inductively coupled plasma atomic emission spectrometry (ICP-AES); P (as P 2 O 5 ) by ultraviolet visible spectrometry (UVS); Se by atomic fluorescent spectrometry (AFS); and S by volume method (VOL) after fusion with KI. Concentration of Al in the sediments was determined by wet chemical method. These data have been published and the methods have been described by Sun et al. (2000 Sun et al. ( , 2004 and Liu et al. (2005a) . The chronological control of Y2 and Y4 cores was based on conventional 14 C and radiometric dat-ing and reported in our previous publications (Sun et al., 2000; Liu et al., 2005a) .
RESULTS AND DISCUSSION

Contents and patterns of REEs in ornithogenic sediments
The concentration means and ranges of REEs in the sediment cores Y2 and Y4 are summarized in Tables 1  and 2 . For comparative purposes, the average REE concentrations in the guanos, Xihu lacustrine sediments without penguin dropping influence, marine sediments from the Great Wall Bay, and soils developed on basaltic andesite and lapilli tuff are also given in Table 3 . As seen from these three tables, the concentrations of individual and total REE concentration (∑REE) have large fluctuations. The average concentrations of total REE are 71.21 ppm (38.91-95.25 ppm, n = 37) and 37.18 ppm (28.34-68.34 ppm, n = 18) for the Y2 and Y4 sediment cores, respectively. These values are remarkably lower than those in marine sediments, Xihu lacustrine sediments not influenced by penguin droppings, soils on basaltic andesite and lapilli tuff, but are significantly higher than those in guano samples. Nevertheless, the highest total REE concentrations (averaging 85.34 ppm, n = 7) occur in the sediment samples from the depth of 50-60 cm of Y2 core, very close to those of the Xihu sediments that are not impacted by penguin droppings. Apparently, the remarkably lower REE concentrations in the ornithogenic sediments are related to the input of penguin droppings.
The sediment ratio of LREE (La to Eu) over HREE (Gd to Lu), i.e., L/H ratio, is 4.48 ± 0.59 for Y2 core and 4.70 ± 0.62 for Y4 core; LREEs are more abundant than HREEs. The environmental media samples, as listed in Table 3 , are greatly rich in LREE, apparently due to the fact that most shale and solid phases are relative more enriched in LREEs than in HREEs (Caccia and Millero, 2007) . The L/H ratios of the Y2 and Y4 ornithogenic sediments are higher than those of the lacustrine sediments Xie et al. (2002) and Wang et al. (1996) . c The data for the marine sediments of Great Wall Bay are the average values of 15 samples from Wang (1991) . d The data for the soils on basaltic andesite of Barton Peninsula are the average of 18 samples from Lee et al. (2004) . e The data for the soils on Lapilli tuff of Barton Peninsula are the average of 4 samples from Lee et al. (2004 without guano influence, lower than those of the marine sediments and weathered soils, and comparable to those of the guano samples. The input of penguin droppings into the lake sediments apparently exerts a significant influence on the concentrations and compositions of REEs in the ornithogenic sediments. As indicated above, the relative abundances of REEs in different sediment samples are comparable even though the absolute levels of REEs may be greatly different. Therefore, it is a common practice to normalize the concentration of REEs to chondrite in order to identify characteristic sedimentary REE patterns (Caccia and Millero, 2007) . Chondrite-normalized REE patterns for Y2 and Y4 ornithogenic sediments are illustrated in Fig. 2 , together with those in the guanos, Xihu lacustrine sediments, marine sediments, and soils developed on basaltic andesite. As shown in Fig. 2 , the chondrite-normalized distribution pattern of REEs in each sample of Y2 and Y4 sediment cores was generally similar to one another. Furthermore, the REE characteristics have no pronounced differences between Y2 and Y4 lacustrine sediments, indicating a common geochemical process of controlling REE distributions. The notable REE features in the Y2 and Y4 sediments are high abundances, relative to chondritic, light REE enrichment, and fairly flat heavy REE patterns. Ratio of La to Yb is often used to express a slope of REE pattern. Compared with the average value of (La/Yb) CN (CN: chondrite-normalized value) in the Xihu lacustrine sediments not influenced by penguin droppings, the Y2 and Y4 sediments are present relatively high values up to 4.60 ± 1.04 and 5.07 ± 0.57 respectively, reflecting stronger REE fractionation. The Xihu lake is very close to the Y2 and Y4 lakes (Fig. 1) , and the geochemical characteristics of catchment bedrocks and weathered soils should have no significant difference. The obviously different degree of REE fractionation may be related to the guano input, since the penguin dropping has the highest (La/Yb) CN value, averaging 6.70 (n = 4) ( Table 3) . It also can be seen from Fig. 2 that the Y2 and Y4 sediment samples generally display obviously negative Ce and slightly negative Eu anomalies. Of all the environmental media samples such as Xihu lake sediments, guano, marine sediments and weathered soils, the guano sample has the most negative Ce anomaly with an average value of 0.67. The elements in the penguin droppings are mainly derived from marine environment, and generally the sea water and some marine materials such as reefal microbialites show obviously negative Ce anomaly (Elderfield, 1988; Webb and Kamber, 2000) . Also, the Ce anomaly in seawater varies with location and water depth. For example, the deep seawater generally has δCe values (see the definition in Table 3 ) ranging from <0.1-0.4 (McMarthur and Walsh, 1984) , but surface water generally has a small Ce anomaly (De Baar et al., 1985; Alibo and Nozaki, 1999) . The guano-producing birds in the maritime Antarctic feed predominantly on fish and squid that live in relatively shallow seawater. Therefore, the moderately negative Ce anomaly in modern guano may reflect the characteristic of shallow sea water via natural food chain. As shown in Fig. 2 , except for the sediment samples lacking the significant influence of penguin droppings such as 54.5 cm layer, most of the Y2 and Y4 Masuda et al. (1973) and Masuda (1975) . ornithogenic sediments generally have the negative Ce anomalies between the guanos and sediments, soils without guanos, probably indicating that the Y2 and Y4 ornithogenic sediments imprint the signal of negative Ce anomaly in the guanos. Very slightly negative Eu anomalies are observed in some ornithogenic sediments and Xihu lake sediments, suggesting that the guano input may not exert a significant impact on Eu anomalies in the ornithogenic sediments. Interestingly, most of the REE distribution patterns in the ornithogenic Y2 and Y4 sediments are characteristic of markedly positive Er anomalies, very similar to the modern guano samples (Fig.  2) . However, these positive Er anomalies are not observed in the Xihu lacustrine sediments and soils without the influence of guanos, and the previous studies seldom report the Er anomalies. Recently, Wang et al. (2006) has used the Er anomalies in the aeolian sediments in the northeastern Tibetan Plateau area to identify their dust source. In the present paper, the exact cause of Er anomalies in the Antarctic ornithogenic sediments is not clear, but it may indicate the influence of penguin droppings or guano soils on the natural lake sediments in Antarctica. Generally, the ornithogenic sediments in the Y2 and Y4 lakes should show different Er anomalies, for example, the samples with high REE concentration should display relatively small Er anomalies due to the high contribution of soils with no Er anomaly. Nevertheless, all the ornithogenic samples seem to display obviously positive Er anomalies in Fig. 2 . Here, we tentatively present an interpretation. Positive Er anomaly may be attributed to enrichment of Er. The guano is strongly rich in fluorapatite and organic matter, which may play an important role in the maintenance of relatively high concentrations of Er in the dissolved form by strong complexation with organic and inorganic ligands in solution. During mineral precipitation and contamination with guano materi- als, Er may be preferentially removed relative to Ho and Tm from dissolved water by particle scavenging. However, considering the few REE data reported previously in the seabird droppings and complex fractionation behaviour of REEs, we should discreetly use Er anomalies alone to identify the ornithogenic sediments, and much work is needed to understand such enrichment processes.
Fig. 2. Chondrite-normalized REE patterns for the Y2 and Y4 lacustrine sediments and environmental media samples. The chondrite values are cited from
In summary, the chondrite-normalized REE patterns in the Y2 and Y4 ornithogenic sediments, characteristic of more fractionation, obviously negative Ce anomalies and significantly positive Er anomalies, likely record the REE signal of guanos. Moreover, as a whole, the chondrite-normalized REE patterns of the Y2 and Y4 sediments fall between those of sediments, soils without guano influence and the penguin droppings, further suggesting that the mixing process of guano and weathered soils is the main controlling factor for the REE patterns of the ornithogenic sediments. These characteristics of REE distribution patterns in the ornithogenic sediments have the potential of being a valuable tool to rapidly identify whether the sediments were influenced by penguin droppings in large scale Antarctic areas.
Potential application of REEs for Antarctic penguin palaeoecology
In order to further examine the factors controlling the REE abundances in the ornithogenic sediments and assess the potential of REE as a palaeoecological proxy, we analyzed the correlations between the contents of total REE and bio-elements in both sediment cores. Eight elements including S, P (P 2 O 5 ), CaO, Cu, Zn, Se, Sr and F were identified as bio-elements for the Y2 and Y4 sediment cores (Sun et al., 2000 (Sun et al., , 2004 Liu et al., 2005a) , and were enriched and significantly correlated with each other. Without remnants of penguin guanos these elements cannot be accumulated together since their chemical properties are very different. Therefore, the assemblage of these eight elements is an important geochemical marker for penguin droppings or soils and sediments impacted by penguin droppings in the maritime Antarctic, and can be used as an indirect measure of historical penguin populations (Liu et al., 2005a) . When the concentration of total REE in the ornithogenic sediments of Y2 and Y4 cores is plotted in binary plots as a function of the levels of the eight bio-elements (Fig. 3) , statistically significant (p < 0.01) negative correlations were observed. Apparently, the input of penguin droppings is a main factor for the concentration of total REEs in the ornithogenic sediments. In contrast to bio-elements of S, P, Ca, Cu, Zn, Se, Sr and F, REEs are greatly depleted in the penguin droppings, and the total REE content is low down to ~ 3 ppm (Table 3) .
The depth-concentration-profiles of total REE and lithological elements scandium (Sc) and aluminum (Al) in the Y2 and Y4 sediment cores are consistent with the negative correlation between total REE and bio-elements. Sc and Al are well-defined conservative lithophile elements, and their concentrations in the sediments are not significantly affected by biogenic cycles and anthropogenic contamination (Liu et al., 2005b) . As shown in Fig.  4 , the down-core trends of total REE, Sc and Al in the Y2 and Y4 cores are very similar, and the total REE is significantly correlated with Sc in Y2 and Al in Y4 with correlation coefficients of 0.71 and 0.93 (p < 0.01), respectively.
The levels of bio-elements in the ornithogenic sediments indicate the contribution from penguin droppings, and the levels of Sc and Al indicate the input of weathered soil to the lakes. The strong associations between REEs, bio-elements and Sc and Al suggest that the REE abundances in the ornithogenic sediments are derived from penguin guano as well as local bedrock and weathered material around the catchment. Nevertheless, one may suspect that the total concentrations of these REEs may be related to the erosive rate of overland runoff. For example, the periods of warmer climate would increase overland runoff and inwash into lake due to high precipitation and strong chemical weathering etc., resulting in the elevation of REE concentrations in the sediments. The relative proportions of penguin droppings and lithological materials in the overland runoff, however, are expected to be stable. The increase of the overland runoff would lead to the rise of the amount of lithogenic material, simultaneously, the amount of penguin dropping input into lakes is also increased, and thus the changes of inorganic element concentrations in the ornithogenic sediments are expected to be related to the fluctuation of seabird population, not the erosive rate. This finding is affirmed by our previous works on the bioelement analysis (Sun et al., 2000; Liu et al., 2007) . The REE concentrations in the sediments are mainly controlled by the relative amount of penguin guanos and weathering products from local bedrock, therefore, a simple two-member mixing equation could be used to estimate relative contributions of penguin droppings and weathered soils in the total REE composition of the bulk ornithogenic sediments. One can estimate the proportion of penguin droppings in the ornithogenic sediments based on a mass balance calculation (Elsenbeer et al., 1995; Xue et al., 2009) :
Where REE sample is the determined REE content in the ornithogenic sediments; REE weathering and REE guano are the REE contents in the weathering-derived and guanoderived sources, respectively; f is the guano-derived fraction in the sample. Here, we selected sediment core Y2 as an example to calculate the relative proportion of guano-derived REE. We used the sediment sample with the highest REE content (95.25 ppm at 58.5 cm depth) and the mean value of four guano samples as representations of local weathering-derived and guano-derived sources, respectively. The calculated relative contribution versus age profile of REE from the penguin guano in the Y2 lake sediments is given in Fig. 5 . The profile is consistent with the reconstructed penguin population change versus age based on the analysis of bio-elements in the ornithogenic sediments. The penguin population began to decline around 3,000 yr before present (yr B.P.) and was lowest at 1,800-2,300 yr B.P., corresponding to Neoglacial period. After that, the population increased and peaked between 1,400-1,800 yr B.P., corresponding to a time period of warm climate (Sun et al., 2000) .
Penguin relics preserved in lake sediments have been successfully used to detect the presence, absence and possibly broad scale changes of historical penguin populations (Sun et al., 2000 . As shown above, the total REE and the bio-element contents of the ornithogenic sediment cores Y2 and Y4 have negative and statistically significant bivariate correlations, and the profile of relative guano input contribution inferred from total REEs is almost consistent with the historical change of penguin population. In order to further verify individual REE composition as potential palaeoecological proxy, using the above two end-member mixture model, we have calculated the relative contributions of penguin guano to the sediments based on each REE concentration, and then performed the Pearson correlation analysis between the changes of each guano-derived fraction and the historical penguin population. The results showed that the calculated guano proportions inferred from most REE had significantly positive correlations with penguin population at the level of 0.01 (their correlation coefficients ~0.6, p < 0.01), with the exception of Pr showing significant correlation at the level of 0.05. Therefore, we propose that the concentrations of each REE and total REE in the ornithogenic lacustrine sediments have a good potential of being used as new markers and palaeoecological proxies for historical penguin population changes in the Antarctic region.
In summary, we suggested that the distribution patterns of REEs could provide a rapid and valuable technique to indirectly identify whether the sediments were influenced by penguin droppings in the Antarctic region. Combined with the changes of absolute REE concentrations, it is likely to reconstruct historical record of pen-guin populations occupied around the lake catchment. The concentrations of Cu, S, Sr, Zn, P, Ca, Ba, F and Se in the sediments impacted by penguin guano have successfully been used as the proxy for the size of historical penguin populations (Sun et al., 2000 (Sun et al., , 2004 Zhu et al., 2005; Liu et al., 2005a Liu et al., , 2007 . However, the analytical methods of these inorganic elements are different due to the significant differences of their chemical properties, and thus the concentration measurements in sediments are usually time-consuming in the laboratory. Comparing with the traditional element analysis, there are a few advantages for using REEs. Firstly, the REEs have low solubility and mobility and are unlikely to partition during most geologic processes and after deposition; Secondly, REEs have minimal anthropogenic use (Chiarenzelli et al., 2001) ; and thirdly use of an unusually coherent group of elements (Lanthanide Series), with similar geochemical properties and simultaneous analytical technique, minimizes analytical and other sources of error, yields robust concentrations (ppm) in the ornithogenic sediments and guano samples, and provides a multi-component pattern or fingerprint highly sensitive to the guano input into the lake due to the significantly lower REE contents in penguin droppings relative to the weathered soils (Banks et al., 1999; Chiarenzelli et al., 2001) . In addition, because of the drastically different REE patterns and concentrations in the lake sediments with and without penguin droppings, monitoring the REEs in lake sediment samples should provide a useful check on the degree of guano contamination in a given sample. Finally, as the complementary method of bio-elements, the use of REEs as tracers in penguin palaeoecological reconstruction provides a unique database for comparative purposes in Antarctic eco-environmental studies.
CONCLUSIONS
We analyzed REEs in two lacustrine sediment cores Y2 and Y4 on the Ardley Island of Antarctic King George Island, and examined the potential of REE as a new palaeoecological proxy. The REE levels in the ornithogenic sediments show large variation. They are generally lower than those of weathered soils, lacustrine sediments without guano effect and marine sediments, but higher than those of pure guanos. All the ornithogenic sediments have the mean ratio of LREE/HREE close to that of guanos, but different from those of other environmental medium samples not influenced by guanos. The chondrite-normalized REE patterns in both sediment cores are similar, and all the REE patterns vary between the sediments and soils without guano impact and the pure guano. Total REE showed a positive correlation with lithophile elements Al and Sc, and a negative correlation with the guano-derived bio-elements. The REE abundances and compositions in the ornithogenic sediments can be explained by mixing of guanos and weathered soils. The REE contributions from penguin droppings as calculated from two-member mixing equation have change profiles similar to those of the historical penguin population size as estimated from bio-element concentrations in the sediments. These results suggest that the REE patterns and abundances in the ornithogenic sediments, like bio-elements, can potentially be used as an indirect and new proxy for the historical population size of penguins in the maritime Antarctic.
